Using a glucose-responsive beta cell line, we tested the hypothesis that the free cytosolic Ca2+ concentration (ICa2+l) is the primary signal that couples a stimulus to insulin secretion, and examined the involvement of the extracellular Ca2+ pool in this process. Glucose or depolarization of the beta cell with 40 mM K+ stimulated a monophasic release of insulin directly proportional to the extracellular Ca2+ concentration. 40 mM K+ increased 45Ca2+ uptake and increased ICa2+j1, which was measured with quin 2, 4.7-fold, from 56±3 to 238±17 nM. With high glucose, 4SC22+ uptake did not increase, and ICa2+1 was unchanged or fell slightly.
Introduction
We have been using an SV40 transformed beta cell line (HIT cells) as a model system to further define the molecular mechanisms of insulin secretion (1, 2) . In perifusions of HIT cells, high glucose or 40 mM K+ evoke a monophasic, unsustained burst of hormone secretion. Extensive studies in islets and insulinomas suggest that the free cytosolic Ca2" concentration, ( [Ca(+1J),l is the major intracellular signal that triggers exocytosis. preincubated for 45 min in Krebs-Ringer bicarbonate (KRB) basal buffer. This was followed by a second incubation in basal buffer for 15 min, and a third incubation for 15 min in buffer containing the secretagogue. Test agents were present throughout the experiment. The buffer was saved and insulin content measured by radioimmunoassay. In a number of experiments, protein determinations were also performed. No differences were found when the data was expressed as insulin secretion per milligram of protein or per well. 5Ca2l uptake. 45Ca2+ uptake was measured by the method of Tan and Tashjian (23) , decreasing the CaCl2 content of the buffer to 1 mM to increase the 45Ca2+ uptake. The cells were incubated with a buffer containing 1-2 MCi 45Ca2+/ml and Ca2' uptake determined at 2.5, 5, 15, 30, and 60 min. Stimulation was terminated by quickly washing the cells three times with ice-cold buffer and solubilizing the cells with 0.1 N NaOH. Aliquots were counted on a Packard Tri Carb Scintillation counter using ACS scintillation fluid from Amersham Corp.
Loading with quin 2. On day 3 or 4 after subculture, the cells were detached with trypsin (0.1%) in Puck's saline A, counted, centrifuged for 2 min at 300 g, and resuspended at a concentration of 20 X 106 cells/ ml in modified KRB (KRB with 20 mM Hepes, 1.5 mM CaCl2, 1.67 mM glucose, and 5 mg/ml bovine serum albumin). The cells were then preincubated for 15 min at 370C with gentle agitation. Quin 2/AM, stored desiccated at -20°C as a 20-mM stock in dimethylsulfoxide (DMSO) , was added to a final concentration of either 50 or 100 MM. The final concentration of DMSO was 0.5%. The cell suspension was mixed, incubated at 37°C with gentle agitation for 30 min, then diluted with modified KRB to 4-10 X 106 cells/ml. The incubation was continued for another 50 min. The cells were then centrifuged for 2 min at 300 g and resuspended in modified KRB to the same concentration of 4-10 X 106 cells/ml, and this washing procedure repeated once. The cell suspension was equilibrated to room temperature and the pH adjusted to 7.4 . In each experiment, viability was determined by trypan blue exclusion and was always >90% for up to 3 h.
Fluorescence measurements. The cell suspension in 1.5 ml (usually 4 X 106 cells/ml) was placed in a square quartz cuvette (1 X 1 cm) and stirred continuously. In each experiment hydrolysis of the quin 2/AM was determined by monitoring the emission spectrum, which shifted to a peak at 492-495 nm in 75-80 min. The excitation wavelength was 340 nm and emission was measured at 492 nm. The band pass was 10 nm for both excitation and emission. A Perkin-Elmer LS-5 fluorescence spectrophotometer equipped with a 3600 LS data station and a model 660 printer were used. Test agents were added from concentrated solutions. The ionized free Ca2l concentration in the buffer measured using a Ca2+ electrode was 1.2 mM.
Calibration ofquin 2fluorescence. Loading efficiency, defined as the percent ofquin 2/AM molecules hydrolyzed and trapped as quin 2, was determined by measuring total fluorescence of cells in loading buffer with quin 2/AM and measuring fluorescence of cells alone after centrifugation (19,000 g for 60 s) and resuspension. The loading efficiency varied between 28 and 42% (n = 4). The cellular quin 2 concentration measured by loading 20 X 106 cells in 100MuM quin 2/AM, determining the cytocrit and calculating the intracellular concentration of quin 2, was 1.8±0.2 mM (n = 6).
Because of quin 2 leakage, which results from cell damage during centrifugation and resuspension (7), corrections for extracellular quin 2 concentrations were necessary. Leakage was greater at 37°C than at room temperature. We therefore measured [Ca2J+] at room temperature. We corrected for leakage using the following procedure. EGTA in Tris buffer was added to the cell suspension while monitoring fluorescence. The rapid reduction in fluorescence represents extracellular quin 2. The cells were then lysed with 50 MM digitonin and fluorescence measured. This final measurement represents minimal fluorescence (F,,,). Usually Fm,,, was reached within 1.5 min after addition of digitonin. Maximum fluorescence (F,.) was determined by adding CaCl2 to the cuvettes. The minimum amount of Ca2' necessary to saturate quin 2 was determined for each experiment. This is necessary because it was found that addition ofCa2" after quin 2 (Fig. 1) . The total insulin released (106.8±11.0 L sU/plate, n = 8, vs. 94.4±7.8 MU/plate for controls) and the peak secretory rate (11.1±1.1 MuU/min per plate, n = 8, vs. 8.7±0.8 ,uU/plate per min for controls) were similar to the control rate during the initial stimulation with glucose (30-50 min). HIT cells perifused during the basal period in Ca2"-containing buffer and then stimulated with 19.7 mM glucose in Ca2'-free buffer (30-70 min) failed to respond to the glucose stimulation (data not shown).
In companion static incubations, glucose-stimulated insulin secretion increased as Ca2+ in the buffer increased from 0.5 to 2.5 mM (Fig. 2) . However, insulin secretion was not stimulated above basal rates (equivalent Ca2+ concentrations and no glucose) when glucose was added in a buffer containing 0 or 0.1 mM added Ca2+.
KV-stimulated insulin secretion: dependence on extracellular Ca2'. Increasing the K+ concentration from 7 to 40 mM at 30 min produced a rapid, monophasic increase in insulin secretion (Fig. 3, controls) . This spike of insulin release was completely eliminated when the cells were perifused in Ca2'-free buffer during the basal and initial 15-min stimulation period (Fig. 3) . When 2.5 mM CA2+ in the presence of 40 mM K+ was returned from 45 to 60 min, the secretory response was reduced to 60% of the control value for the initial 15 min stimulation (93.0±11.2 tU/ plate vs. 150.7±10.0 MU/plate, n = 6, P < 0.005). If Ca2+-free buffer was present during both the 30-min basal and initial 15-min stimulation period (0-45 min) in 7 mM K+, and the cells were then stimulated for the first time with 40 mM K+ at 45 min, a brisk spikelike secretory response was observed (Fig. 3) . This response was, however, reduced to 80% ofthe control value (1 19.7±9.2 AU/plate vs. 150.7±10.0 MU/plate, n = 6, P < 0.05).
If the basal buffer from 0 to 30 min contained 2.5 mM Ca2+, but the cells were stimulated with 40 mM K+ in Ca2+-free buffer, no insulin secretion was elicited (data not shown).
In static incubations, 0.1 mM Ca2+ sustained a small secretory response to 40 mM K+, but no stimulated insulin secretion was detected with no added Ca2+ (Fig. 4) . The secretory response was directly proportional to the level of added Ca2+ from 0.1 to 2.5 mM. 45Ca2+ uptake. 40 mM K+ stimulated a rapid, significant increase of45Ca2+ uptake from the external medium. By 2.5 min there was an increase in Ca2' uptake ( 12 per time point), which was fourfold higher than that seen at 2.5 min in basal media (P < 0.001). The 45Ca2' uptake rose rapidly in a linear fashion to 5 min, then decreased and was linear up to 60 min. In contrast, the 45Ca2+ uptake in high glucose alone did not increase over the uptake seen in unstimulated cells. The K+-stimulated 45Ca2' uptake was inhibited by verapamil (Fig. 5, inset (Fig. 6 ). The addition ofquin 2 causes a drop in the basal secretory rates ofthe glucosestimulated cells (P < 0.005, n = 4). In quin 2-loaded cells, an increase in the K+ concentration of the buffer from 7 to 40 mM increased insulin release by 167% (n = 4, P < 0.002), whereas changing from 0 to 19.7 mM glucose increased insulin release by 97% (n = 4, P < 0.005). In control cells treated with DMSO alone, 40 mM K+ caused a 224% increase (n = 4, P < 0.002) and 19.7 mM glucose a 91% increase (n = 4, P < 0.01). Quin 2 loading caused a significant reduction in the amount of insulin released in response to K+-stimulation (n = 4, P < 0.005), but not glucose. The control and stimulated release in cells in suspension is much less than that of cells grown in monolayer.
Fluorescence measurements with K+ stimulation. (Fig. 7 B) .
Furthermore, the addition of 4 mM EGTA before addition of K+ also completely blocked the increase in [Ca2+]i (Fig. 7 C) (Fig. 8 A) . In the slight drop in [Ca2"Ji was not observed upon addition of a stimulatory dose of glucose (Fig. 8 B) . (Fig. 9) . Complete inhibition of glucose-stimulated insulin secretion was achieved at 100 gM verapamil. The dose giving the half-maximal effect (ED50) for glucose-stimulated insulin secretion was 1.4 X 10-5 M. Verapamil inhibited 40 mM K+-stimulated insulin release at much lower concentrations than those required to attenuate glucose-stimulated insulin release. At 1 ,uM verapamil, 40 mM K+-stimulated insulin release was inhibited to 15% ofcontrol, whereas glucose-stimulated insulin release was still 88% of control. Over a narrow range of verapamil concentrations, both glucose-and K+-stimulated insulin secretion are inhibited in a linear manner. The ranges of verapamil concentrations that produce these effects vary between the two secretagogues. From 100 nM to 7.5 MM verapamil, K+-stimulated insulin secretion was inhibited and gave a coefficient of determination (r2) of 0.98, whereas verapamil inhibition of glucosestimulated insulin secretion in the range from 2 mM Ca2`restored insulin secretion to 80% of the control period. If high glucose was present during the Ca2`-free period, reintroduction ofCa2+ with high glucose restored insulin secretion only to the basal rate. However, if no glucose was present during the Ca2+-free period, a full first phase insulin response was triggered by reintroduction of high glucose and 2.5 mM Ca2+.
These observations are somewhat similar to data reported by Frankel et al. (27) , who compared glucose-stimulated insulin release with the membrane potentials of single beta cells at vary- ing Ca2l and Mg2" concentrations. Depolari was associated with insulin release, and hyper its suppression, irrespective of the Ca2" con( dition of Ca2" after a Ca2+-Mg-free period ca ization of the cell membrane and suppression ulated insulin release. They postulated that t glucose-stimulated insulin release by readditic Ca2" occurs because the rise in [Ca2"]J increase permeability, which would hyperpolarize the Frankel's study (27) (36) , but is inhibited by ATP or the metabolism of glucose (37). These K+-selective channels may link the metabolism of glucose and the signaling of insulin secretion by mechanisms independent of the voltagedependent Ca2" channel. It is also clear from the patch clamp studies that there is a second distinct class of Ca2" channels in the islet that are activated by membrane depolarization by K+ as well as by cytoplasmic Ca2" (38) . These are the verapamilsensitive, Ca2+ channels that allow Ca2`influx into the HIT cell that activates insulin release by 40 Our laboratory (19), as well as others (40, 41) , have shown that calmodulin appears to be involved in glucose-stimulated insulin release. The Kd for calmodulin is 2.5 ,M (42) , and quin 2 is insensitive to changes in Ca2`between 1 and 10 MM Ca2+ (14) . Using a morphologic technique that quantitates Ca2`by precipitation ofcations with pyroantimonate, Lenzen et al. (43) have examined localized changes in the distribution of Ca2`in beta cells ofperifused pancreases ofmice. At the internal surface of the beta cell membrane they find a pool of Ca2+ that rapidly shifts into the cytoplasm in association with the release of insulin triggered by glucose. Two other observations suggest a need for caution in considering a Ca2"-independent signal for glucosestimulated insulin release. First, in a preliminary report, Prentki et al. (8) showed that glucose caused a rise in [Ca2+] , in suspensions of normal beta cells. Second, the triose glyceraldehyde, which enters glycolysis at a step later than glucose, alters the handling of Ca2+ by the RINm5f cells and increases [Ca2+1] (7) .
Using EGTA and verapamil, Wollheim concluded, like we did in these studies, that the extracellular Ca2+ pool played only a minor part in the increase in [Ca2+]j with glyceraldehyde and presumably glucose (7) . However, they suggested that an intracellular shift of Ca2+ is the signal for glucose-stimulated insulin release. Thus, further studies are necessary to determine if the signal that triggers glucose-stimulated insulin secretion in the HIT cell line is a localized increase in Ca2+, and if it is similar to the physiologic signaling process in the normal islet beta cell.
In conclusion, the experiments presented here show that while HIT cell insulin secretion to high K+ and glucose is dependent on extracellular Ca2+, it is only for K+-stimulated insulin release that Ca2" has an intracellular role as a trigger for exocytosis. The amount ofinsulin secreted in response to stimulation with 40 Furthermore, while K+-stimulation produces a long-lasting intracellular secretory signal, the glucose signal is transitory.
